Effective control of the twopoint contact region can significantly reduce resistance in peg-hole disassembly. In this paper, we explore generic peg-hole disassembly processes with compliance and identify the effects of key parameters including the degree of compliance, the location of the compliance centre and initial position errors. A quasi-static analysis of peg-hole disassembly has been performed to obtain the boundary conditions of the two-point contact region. The effects of key variables on the two-point contact region have been simulated. Finally, peg-hole disassemblies with different locations of compliance centre achieved using active compliance have been experimentally investigated. The proposed theoretical model can be implemented to predict the range and position of the two-point contact region from the perspective of peg-hole disassembly.
Introduction
Remanufacturing is the process of returning a used product to at least the original equipment manufacturer's performance specification from the customer's perspective and giving the resultant product a warranty that is at least equal to that of a newly manufactured equivalent [1] . Remanufacturing helps the environment as well as bringing economic and social benefits [2, 3] . A critical step in remanufacturing is the disassembly of the returned product, which is normally manually executed and can be labour intensive due to its complexity [4] . Disassembly using robots can improve the efficiency of the process [5, 6] .
Initial conditions
Position errors including lateral and angular errors mainly consist of two parts: errors between the peg and the hole, and those between the compliant manipulator and the peg-hole system. Initially, as shown in figure 2 , the peg and hole are assumed in the two-point contact, in which the peg is tilted by u 0 . When the initial lateral error d 0 between the compliant manipulator and the peg-hole system is introduced, it also generates an angular error b 0 .
Typical contact states during disassembly
Considering the typical mating geometries shown in figure 3 , the peg-hole disassembly process can be divided into four main states: (a) no contact, (b) one-point contact, (c) two-point contact and (d) line contact. The no-contact state is ideal, but it rarely occurs. It will not be considered further in this paper. In general, the process starts with the two-point contact. When a peg is grasped by a compliant manipulator, initial lateral and angular errors drive the peg to shift and rotate, resulting in the two-point contact (figure 3c). The errors reduce as the extraction of the peg continues, and the process may transfer to the one-point contact (figure 3b) or line contact (figure 3d), depending on the compliance, the location of the compliance centre and the initial positioning errors. In a good extraction process, the peg would rotate to move from the two-point to one-point contact (figure 3b). The state would be maintained until the peg is totally extracted from the hole.
Jamming and wedging are well-known problems in peg-hole assembly [28] . Jamming is a condition in which the peg is not able to move due to improperly applied forces and moments. Wedging is a condition in which the peg is stuck at a position despite high insertion forces. These problems occur during the two-point contact state in peg-hole assembly, as well as disassembly. Reducing the twopoint contact region, and controlling the position where two-point contact occurs, are useful strategies to avoid jamming and wedging [15] .
Quasi-static analysis of peg-hole disassembly
Once the peg is grasped by a compliant manipulator, the peg would shift and rotate around the compliance centre in response to the initial position errors. The location of the compliance centre determines whether the contact state is one-point, two-point or line contact. In this section, the boundary conditions of each contact state, including geometrical and mechanical parameters, are derived.
Static model for different contact states
Assuming the peg and hole are initially in the two-point contact, the geometry of the peg and hole, and the forces and moments acting in the two-point contact stage, are illustrated in figure 4 , in which d 0 and peg compliant manipulator Figure 1 . Definition of coordinate frame.
royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 190476 3 b 0 represent initial lateral and angular errors, respectively. The compliance centre and the tip of the peg are, respectively, located distances U 0 and 1 0 from the axis of the hole. The distances Uand 1 (figure 4) vary continuously during disassembly. The path of the compliance centre can be derived as
where L C is the distance between compliance centre and peg tip (figure 2) and h is the peg extraction depth (figure 4). According to geometrical constraints between the peg and the hole, the geometrical relations during two-point contact can be described as
where r and R are the radii of the peg and the hole, respectively (figure 2). When the clearance between the peg and the hole is small, equation (3.2) can be simplified as
where c ¼ ðR À rÞ=R is defined as clearance ratio. Based on the method proposed by Simunovic and Whitney, contact forces and supporting forces at and about the compliance centre can be re-expressed in the coordinate frame fixed at the tip of the peg.
and where m is the coefficient of friction.
The boundary conditions of the two-point contact can be calculated if the contact force at point 2 (figure 4) is assumed to be F N2 ¼ 0. The contact forces can then be calculated as
Combining equation (3.1) through equation (3.6) , the path of the compliance centre can be expressed as royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 190476
Substituting geometrical constraints (equation (3.2) and equation (3. 3)) into equation (3.7), a quadratic equation in extraction depth h for the start and endpoints of the two-point contact region can be derived as
where,
The solutions of equation (3.8) are
:
and In the calculation results, the solutions h 2 and h 0 2 represent the start and the end of the two-point contact region, respectively. h 0 2 , h 0 indicates that the peg and hole would be in the two-point contact when the peg is grasped by the compliant manipulator. h 0 , h 0 2 , h 2 indicates that the peg and hole are initially in the one-point contact, and there is at least one transformation between the one-point contact state and the two-point contact state. If equation (3.8) has no solution, the two-point contact cannot occur during disassembly. The height and position of the two-point contact region depend not only on the geometrical parameters of the peg-hole system, but also on the location of compliance centre, initial position errors and the degree of compliance.
The geometrical parameters and the forces on the peg during the one-point contact are shown in figure 5 . The geometric constraint in this state can be described as
ð3:10Þ
The contact forces can be expressed in a coordinate frame fixed to the tip, as shown in equation (3.5). Combining equation (3.5) and equation (3.6) to represent the support forces acting at the compliance centre yields the equations for u and U for the one-point contact.
,
ð3:11Þ and where
Forces acting during disassembly
This section discusses the extraction forces in the two-point contact and one-point contact states. Rearranging equation (3.4) yields the extraction force F z during the two-point contact.
where l ¼ h=(2rm).
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Substituting equation (3.1) and equation (3.3) into equation (3.5) yields F x and M for the two-point contact state.
ð3:13Þ and where D ¼ 2R is the diameter of the hole.
Then, the extraction force in the two-point contact state can be calculated by substituting equation (3.13) into equation (3.12) .
To obtain the extraction force F z during the one-point contact, substituting equation (3.11) into equation (3.6) yields
Key factors and their effects
There is a greater risk of the extraction process failing in the two-point contact region especially if it is near the mouth of the hole. Two-point contact also increases the extraction force because of the lateral and angular errors. In this section, the most effective parameters to reduce the two-point contact region and their impact on its location are identified. To illustrate the effects of the variables on the two-point contact region, the following parameters' values were used.
Location of compliance centre
The location of the compliance centre at an arbitrary point along the peg's axis is an important design parameter. When the peg is grasped by a compliant manipulator, the peg ought to shift and rotate due to initial position errors between the compliant manipulator and the peg-hole system. Assuming that the rectangle with solid lines, as shown in figure 6a ,b, represents the initial position of the peg without initial angular error, the peg would shift and rotate around the compliance centre due to the Figure 5 . Geometry and forces during the one-point contact.
initial lateral error. The grasping of the peg causes contact between the peg and the mouth of the hole and thus a lateral force to shift the peg to a distance d 0 . The force and distance depend on the extraction depth.
As shown in figure 6a, if the compliance centre is located far from the peg tip, the peg would shift and rotate anticlockwise around the compliance centre due to the lateral force. By taking into account the geometrical constraints of the hole, the shifting and rotation of the peg would transfer to elastic energy stored in compliant manipulator. The peg would shift and rotate clockwise around the compliance centre when it is placed at the tip of the peg, as shown in figure 6b, in which case the peg and the hole would be in one-point or line contact once the peg is grasped. These characteristics can help reduce the size of the two-point contact region during disassembly.
Based on equation (3.9) , the boundary conditions of the two-point contact region are illustrated in figure 7 . It can be seen that the two-point contact region is reduced significantly when the compliance centre is at the tip of the peg. Besides, the two-point contact region moves to the mouth of the hole with a decrease in L C .
Initial position errors
The initial position errors, including the lateral and angular errors between the compliant manipulator and the peg-hole system, can also influence the two-point contact region. When the compliance centre is located far from the tip as shown in figure 6a and the lateral error d 0 is large, the anticlockwise rotation of the peg can be very high. If d 0 is large enough, the peg and the hole may remain in the two-point contact throughout the disassembly process. However, if the compliance centre is at the tip of the peg, the peg rotates clockwise during disassembly. This would transfer the peg and hole from the two-point contact to the one-point or line contact.
The effects of the initial lateral error, for different locations of compliance centre, on the two-point contact region are illustrated in figure 8 . In this case, it can be seen that if the compliance centre is near the tip of the peg, the two-point contact region reduces with an increase in lateral error. However, an increase in lateral error has little impact on the two-point contact region when the compliance centre is far from the tip of the peg.
The effects of the initial angular error on the disassembly process depend not only on its magnitude but also on its direction. As shown in figures 9 and 10, if the initial angular error is opposite to the rotation of the peg, it helps reduce the two-point contact region when the compliance centre is far from the peg tip. Otherwise, it increases the two-point contact region. The effects of the initial angular error are similar when the compliance centre is at the tip of the peg.
Stiffness
The compliant manipulator provides both lateral and angular compliance defined by the lateral and rotational stiffness, respectively. When the angular stiffness is low, as shown in figure 11a , rotation is the dominant movement. If the compliance centre is far from the tip, this would result in an increase in the size of the two-point contact region. On the contrary, if the compliance centre is located near the tip of the peg, the peg and hole could move from the two-point contact to the one-point contact, leading to a reduction in the size of the two-point contact region.
From figure 12a ,b, it can be surmised that the two-point contact region reduces to some extent with an increase in lateral stiffness wherever the compliance centre is located. Increasing the lateral stiffness restrains the rotation of the peg for the same position errors, thereby reducing the two-point contact region. Also, the two-point contact region reduces with a decrease in angular stiffness when the compliance centre is at the tip of peg, which benefits the disassembly process. However, the stiffness has little impact on the position of the two-point contact region in this case. In sum, the sensitivity of the two-point contact region to stiffness depends not only on the ratio of lateral stiffness and angular stiffness, but also on their absolute values.
Discussion
Taking into account geometrical constraints, the principal peg-hole disassembly processes are summarized in this section. The key factors are the location of the compliance centre, initial position Figure 7 . Dependence of the two-point contact region on the location of the compliance centre with Figure 8 . Dependence of the two-point contact region on the initial lateral error: (a)
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If the compliance centre is located far from the peg tip, as shown in figure 13a , an initial lateral error will cause a lateral force acting on the compliance centre. Owing to geometrical constraints, the peg will rotate until the two-point contact occurs. With an increase in extraction distance, the lateral error reduces and the state transforms to the one-point contact or line contact until the peg is out of the hole. As a result, the disassembly process can be performed successfully with small lateral errors in this situation.
If the compliance centre is located near the tip of the peg, as shown in figure 13b , with the lateral force acting on the peg, the peg gradually rights itself as it is drawn out of the hole and it also shifts and rotates because of misalignments and geometrical constraints. However, due to the location of the compliance centre, the peg gradually rights itself as it is drawn out of the hole and there is no two-point contact region near the mouth of the hole. The peg and hole transfer from the initial two-point contact to the one-point contact, and this state remains until the peg is totally extracted. Clearly, this is a more desirable peg-hole disassembly process.
An extraction process may also start with the one-point contact, as shown in figure 13c . With an increase in extraction distance, the peg could enter the two-point contact region due to a large angular misalignment. If the angular error is small, the contact state may change to the one-point contact when the tip of the peg is near the mouth of the hole. In other cases, as shown in figure 13d , the twopoint contact state may be maintained.
If the ratios of the relevant parameters are incorrect, an undesirable motion may be seen, as can be seen in figure 14 . As the two-point contact is a state where jamming and wedging may occur, avoiding this contact type or keeping it in the region where the tip of the peg is far from the edge of hole can reduce the risk of failure in peg-hole separation. Figure 10 . Dependence of the two-point contact region on the initial angular error:
Experimental investigation
The effects of a compliant manipulator with different locations of compliance centre on the two-point contact region have been experimentally validated. The manipulator used was a KUKA LBR robot [29] .
Experiment design
The experimental set-up is shown in figure 15 . A KUKA robot (LBR iiwa 14 R820 [29] ) and an external 6-DOF F/T sensor (ATI Theta F/T 20769 [30] ) were used to perform the peg-hole disassembly process.
The active compliance facility of the robot was employed to change the location of the compliance centre. Figure 12 . Dependence of the two-point contact region on the structural parameters:
Although the robot has in-built force sensors for compliance control, the external F/T sensor was used. The peg was fixed to the media flange of the robot arm, while the hole block was located on the F/T sensor. The material of the peg and hole was 45 steel, and the peg and hole were hardened and ground to minimize the effects of profile errors. The pose repeatability of the robot was ± 0.1 mm, and the resolution of the force of F/T sensor in the z-axis direction was 1 N. The experiment was repeated at least three times; the consistency of the results proved that the effects of the repeatability of the robots were negligible. royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 190476
Active compliance was used to simulate compliant movements of a tool centre point (TCP). The peg could be rotated about the TCP without changing the position of the latter. Several TCPs were configured to simulate the different locations of the compliance centre. Additionally, lateral stiffness and angular stiffness can be programmed [29] .
The greatest challenge in the experiment was to keep the same initial conditions in every test. To achieve this, the robot was programmed to move to the same start position before beginning to pull the peg out of the hole. The start position was chosen to induce the desired contact forces on the peg. It was found that the position repeatability of the robot (±0.1 mm) was sufficient to ensure the initial contact forces were within the required tolerance (±2 N). The peg and hole were initially kept in the two-point contact. Then, different TCPs were adopted to simulate different locations of the compliance centre.
Experimental results
The parameters for the experiments are shown in table 1. Figure 2 gives the meanings of the geometrical parameters in table 1. In addition, the stiffness along the extraction direction and the extraction speed are set at K z ¼ 5 N mm À1 and v ¼ 0:01 m s À1 , respectively. The effects of the location of the compliance centre on how extraction forces change with depth are shown in figure 16 . It can be seen that the contact states were significantly different when the compliance centre was located at different positions, both in theory and in practice. A high extraction force is a sign of two-point contact. When the compliance centre was far from the tip of the peg, the two-point contact region was the largest, evidenced by the high and wide peak of the red curve. With a decrease in L C , the two-point contact region was reduced as shown by the narrower and lower peaks of the blue and black curves. These experimental results confirm the theoretical predictions of figures 12 and 13. 
Conclusion
Disassembly is the first operation in a remanufacturing chain. The removal of a peg (shaft) from a hole (bore) is a common disassembly operation. This paper is the first to investigate that operation in depth.
The work was part of a programme of research into understanding the mechanics of disassembly in order to gain an insight into the design of robotic disassembly systems.
A quasi-static analysis of peg-hole disassembly with a compliant manipulator, implementing different locations of compliance centre, initial position errors and stiffness, has been performed. The boundaries of the two-point contact region have been derived to explore the optimum position of the compliance centre. It was also found that the two-point contact region varied not only with the location of the compliance centre, but also with the initial lateral and angular errors and the lateral and angular stiffness of the manipulator. Based on the theoretical results, different movement regimes with different contact states have been distinguished corresponding to different initial conditions and compliance parameters.
The effects of the location of the compliance centre on extraction forces, as well as the contact states, were experimentally investigated. When the compliance centre was located near or at the tip of the peg, the two-point contact region and the extraction forces were small, under the same initial conditions including initial position errors and stiffness. The experimental results agreed with the theoretical model with respect to peg-hole disassembly. The experiment could be improved by adopting more accurate methods of measuring and accounting for errors in positioning the peg and manipulating the peg and the hole. Competing interests. We declare that we have no competing interests. initial distance between the peg tip and the hole axis (mm) u tilt angle of the peg (rad) u 0 initial tilt angle of the peg (rad) μ coefficient of friction
